Rationale Much evidence indicates that individuals use tobacco primarily to experience the psychopharmacological properties of nicotine. Varenicline, a partial α4β2 nicotinic acetylcholine receptor (nAChR) agonist, is effective in reducing nicotine craving and relapse in smokers, suggesting that α4β2 nAChRs may play a key role in nicotine dependence. In rats, the effect of varenicline on nicotine intake has only been studied with limited access to the drug, a model of the positive reinforcing effect of nicotine. Varenicline has not been tested on the increase in motivation to take nicotine in nicotine-dependent rats. Objectives The present study evaluated the effects of varenicline on nicotine intake in rats with extended access to nicotine self-administration (23 h/day), a condition leading to the development of nicotine dependence. We hypothesized that varenicline's effects on nicotine selfadministration would be greater in rats with extended than limited access to the drug and after forced abstinence rather than during baseline self-administration.
Introduction
Much evidence indicates that individuals use tobacco primarily to experience the psychopharmacological properties of nicotine and that a large proportion of smokers eventually become dependent on nicotine (Balfour 1984; Stolerman 1991) . The main pharmacological strategy to aid smoking cessation is nicotine replacement therapy through use of a nicotine patch or nicotine-containing gum (Silagy et al. 2004) . Although the positive effects of nicotine replacement therapy are clear during early withdrawal as it reduces the negative emotional states experienced during early abstinence, its effect on nicotine craving and relapse after protracted abstinence are not clearly established. Nicotine replacement therapy only slightly decreases relapse rates in smokers (Silagy et al. 2004) . Bupropion, an atypical antidepressant, also reduces the severity of nicotine craving during withdrawal, but the long-term beneficial effects of bupropion on relapse are not clear (Hughes et al. 2007) . A recent alternative to nicotine replacement therapies and antidepressants is the use of partial nicotinic agonists, such as varenicline. Varenicline, a partial α4β2 nicotinic acetylcholine receptor (nAChR) agonist, decreases relapse rates in humans (Gonzales et al. 2006; Jorenby et al. 2006; Tonstad et al. 2006) , decreases nicotine self-administration (Rollema et al. 2007a) , partially substitutes for nicotine under a progressive ratio of reinforcement (Rollema et al. 2007a) , and increases nicotineinduced dopamine release in the dorsal striatum and nucleus accumbens in rats (Rollema et al. 2007a) ; however, the effects of varenicline on nicotine intake has only been studied in rats with limited access to the drug, a model with good validity for the positive reinforcing effect of nicotine but limited face and construct validity for the negative reinforcing effect of nicotine and dependence per se. Indeed, rats given limited access (1-3 h daily) to nicotine show very limited spontaneous signs of withdrawal and do not show increased motivation to self-administer nicotine after a prolonged period of abstinence (George et al. 2007; Paterson and Markou 2004) . The objective of the present study was to evaluate the efficacy of varenicline in a more relevant animal model of nicotine dependence using extended intermittent access to nicotine self-administration in rats (George et al. 2007; Valentine et al. 1997; Fu et al. 2003; LeSage et al. 2003; Paterson and Markou 2004; O'Dell and Koob 2007) . Indeed, these studies have shown that rats given 23 h daily (4 days/week) access to nicotine exhibit robust spontaneous withdrawal symptoms .
Administration of nicotine itself decreases nicotine selfadministration (LeSage et al. 2003 ) and mecamylamine, a nicotinic antagonist, increases nicotine intake in rats given chronic extended access to nicotine self-administration . Moreover, blockade of the brain stress system using a corticotropin-releasing factor-1 (CRF 1 ) receptor antagonist decreases nicotine intake in rats with extended access but not in rats with limited access (George et al. 2007) , suggesting that the neurobiological mechanisms underlying the motivation for nicotine in rats given limited or extended access may differ in a way that is consistent with a dependence model. Chronic selfadministration of nicotine leads to resistance to extinction and significant escalation in intake in rats given intermittent bouts of 4-day access to nicotine . Finally, a dramatic increase in nicotine self-administration is observed in 23-h access animals after 3 days of abstinence, with daily intake exceeding 3 mg/kg/day George et al. 2007) . The nicotine deprivation effect observed in rats with extended access to nicotine is similar to the human condition in which increased nicotine craving associated with an increase in smoking is observed after abstinence (i.e., an increase in the number and duration of puffs) followed by a titration period of nicotine intake (Benowitz and Jacob 1984; Isaac and Rand 1972) . These results suggest that the comparison of the pharmacological effects of varenicline on nicotine intake in rats given limited vs. extended access to nicotine is a key step to better understand the specific role of α4β2 nAChRs in nicotine reward and nicotine dependence and to evaluate the efficacy of varenicline in a relevant model of nicotine dependence.
A prominent hypothesis in the nicotine addiction field is that upregulation of α4β2 nAChRs is a key element in nicotine dependence (Benwell et al. 1988; Breese et al. 1997; Marks et al. 1983 Marks et al. , 1985 Marks et al. , 1992 Schwartz and Kellar 1983) , and that varenicline may be particularly efficient in reducing nicotine intake in dependent subjects. If this hypothesis is correct then, it is expected that varenicline would be more effective at reducing nicotine intake in rats with extended rather than limited access to nicotine selfadministration. We hypothesized that varenicline would be more effective in rats with extended rather than limited access to the drug and after prolonged abstinence rather than during baseline self-administration. The results show that moderate to high-dose varenicline dose-dependently decreased nicotine self-administration in rats with limited and extended access to nicotine. Varenicline was equally effective in decreasing nicotine intake in rats with extended and limited access to nicotine despite an increased sensitivity to the motivational effects of abstinence on nicotine intake in rats with extended access compared with limited access rats. Finally, the effect of a low dose of varenicline was dependent on the baseline level of nicotine intake suggesting that the efficacy of varenicline may depend on the level of cigarette smoking in humans and not on the level of dependence per se.
Materials and methods

Animals
Male Wistar rats (250-275 g) (Charles River, Hollister, CA) were used for all experiments. The animals were grouphoused and maintained on a 12-h/12-h light/dark cycle (dark at 10:00 AM) with ad libitum access to food and water. All animal procedures were approved by The Scripps Research Institute Institutional Animal Care and Use Committee and were in accordance with National Institutes of Health guidelines.
Drugs
Nicotine hydrogen tartrate salt (Sigma, Natick, MA) was dissolved in saline at pH 7.4 and self-administered via an indwelling jugular catheter. Doses are expressed as free base. Varenicline was dissolved in saline and administered subcutaneously in a volume of 1 ml/kg 30 min before the session. Varenicline was administered using a Latin square design during baseline self-administration and after 3 days of abstinence before renewed access to nicotine.
Nicotine self-administration
The apparatus and detailed procedures for both intravenous catheterization and nicotine self-administration have been described previously (George et al. 2007 ). Rats were first trained to nosepoke for food and water in 23-h sessions prior to and after recovery from surgical implantation of jugular catheters but were not trained to respond to the lever that was associated with nicotine delivery. Following acquisition of these operant responses, the active and inactive levers were extended, and the rats were allowed to self-administer nicotine (0.03 mg/kg/100 μl/1 s; free base; fixed ratio, 1; time-out, 20 s) by pressing the active lever. Rats were first given access to nicotine for 1 h per day during the dark cycle (10:00 AM) for 1 week and then separated into two groups given short access (ShA, 1 h/day) and long access (LgA, 23 h/day) to nicotine for 2 weeks. After stabilization of responding, responding under a progressive ratio schedule of reinforcement was tested during baseline and after abstinence. The progression of lever presses was 1, 2, 4, 6, 9, 12, 15, etc. (Moreno et al. 2010) . Break point was arbitrarily defined as the last ratio completed with no reinforced response for 60 min. FR and PR responding were measured during baseline condition and after abstinence during 2 weeks using a within-subjects design. The effects of varenicline were tested on baseline responding using a Latin square design. After completion of baseline testing, the rats were given access to nicotine 4 days per week to test the effects of varenicline on the nicotine deprivation effect (after 3 days of abstinence).
Statistical analysis
Results were analyzed with Statistica software using analysis of variance (ANOVA). In all cases, a normality test and an equal variance test were performed before the ANOVA to ensure its validity, with ShA/LgA (two levels) and active/inactive response (two levels) as betweensubjects factors. The dose of varenicline (four levels) and the time of testing (baseline/nicotine deprivation effect; two levels) were used as within-subjects factors. NewmanKeuls post hoc tests and Pearson correlations were used when necessary. When assumptions in the ANOVA were violated, the nonparametric Kruskal-Wallis test was used, followed by Welch's t test. Data are expressed as mean ± SEM.
Results
Effect of abstinence from nicotine on nicotine intake and the motivation for nicotine in rats with limited and extended access to nicotine self-administration After 3 weeks of nicotine self-administration, the rats that were given short (1 h/day, ShA) or long (23 h/day, LgA) access to nicotine exhibited a very stable level of responding for the active (ShA=9.2 ±1.3 injection or 0.28± 0.04 mg/kg; LgA= 24.9± 3.0 injections or 0.75± 0.09 mg/kg) and inactive (ShA= 4.5± 1.0; LgA= 9.5± 3.1) levers. LgA rats exhibited higher nicotine intake per session during baseline and after abstinence compared to ShA rats (F 1,16 =9.7, p< 0.05; Fig. 1a ) and increased nicotine intake during the entire session after 3 days of Fig. 1 Effect of abstinence from nicotine on nicotine intake and the motivation for nicotine in rats with limited and extended access to nicotine self-administration. a Total number of nicotine injection during the session in ShA (1 h, n=8) and LgA (23 h, n=10) rats during baseline and after 3 days of abstinence. b Mean active lever presses during the first hour under a fixed ratio of 1 of reinforcement in ShA (n=8) and LgA (n=10) rats represented as a percentage of baseline. *P<0.05, compared with baseline. c Mean active lever presses under a progressive ratio of reinforcement in ShA (n=8) and LgA (n=10) rats represented as a percentage of baseline, during baseline, and after 3 days of abstinence. *P<0.05, compared with baseline, # P<0.05 compared with ShA abstinence (p<0.05, Fig. 1a) . Moreover, after 3 days of abstinence, only LgA rats increased responding during the first hour of access to nicotine (F 1,16 =1.5, p<0.05; Fig. 1b ) and when tested with a PR schedule of reinforcement (F 1,16 =2.1, p < 0.05; Fig. 1c ), whereas ShA rats remained stable. These results demonstrate that LgA rats exhibit increased nicotine intake and increased motivation for nicotine after 3 days of abstinence from nicotine compared to ShA rats.
Effects of varenicline on baseline nicotine self-administration
To test whether varenicline is differentially effective in reducing nicotine self-administration in nondependent and nicotine-dependent rats, we measured the effects of systemic injection of varenicline (0.3, 1, and 3 mg/kg) on nicotine self-administration in rats that were given short (1 h/day, ShA) or long (23 h/day, LgA) access to nicotine self-administration. Varenicline dose-dependently reduced nicotine intake in LgA rats, an effect mainly observed during the first 2 h of self-administration (Table 1) consistent with the pharmacokinetic properties of varenicline. In order to compare the efficiency of varenicline in ShA and LgA rats during the same period of time postadministration, we then focused our analysis on the first hour intake. Varenicline dose-dependently suppressed nicotine self-administration in ShA and LgA rats during the first hour, reaching significance at the highest dose of 3 mg/ kg (F 3,48 =17.2, p<0.05, Fig. 2a ). Varenicline also dosedependently decreased inactive lever pressing in ShA rats (F 3,48 =10.4, p<0.05; Fig. 2b ). LgA rats exhibited a very low level of responding on the inactive lever in the first hour of access and no effect of varenicline was observed on inactive lever pressing in this group at any time point. Comparisons between active and inactive lever pressing in ShA rats showed that inactive lever pressing was more sensitive to the effects of varenicline in the ShA group. Varenicline decreased inactive lever pressing at the 1 mg/ kg dose, whereas only the 3 mg/kg dose was effective on active lever pressing in ShA and LgA rats for the first hour (Fig. 2a, b) . The effects of varenicline on responding on the active lever appeared to be more effective in ShA rats than in LgA rats because of a higher responding baseline (p<0.05); however, no difference in the effect of varenicline was observed between the two groups after normalization for baseline nicotine self-administration (F 2,32 = 0.7, p>0.05; Fig. 2c ), although LgA rats exhibited a nonsignificant increase in active lever pressing at the lower dose (0.3 mg/kg). These results demonstrate that varenicline similarly reduced nicotine intake in nondependent and dependent rats during the first hour after administration.
Effect of varenicline on nicotine self-administration after 3 days of abstinence To test whether varenicline would be more effective at reducing nicotine self-administration in an animal model of excessive nicotine intake, we tested the effects of varenicline on nicotine self-administration after 3 days of forced abstinence. Indeed, varenicline dose-dependently reduced nicotine intake in LgA rats, an effect that lasted for a longer period than when tested during baseline self-administration since the effect was still observed during the first 6 h of self-administration (Table 2) .
In order to compare the efficiency of varenicline in ShA and LgA rats during the same period of time postadministration, we then focused our analysis on the first hour of intake. Varenicline similarly decreased nicotine responding in ShA and LgA rats (F 3,48 =28.3, p<0.05; Fig. 3a) , an effect still observed after normalization to baseline responding (F 2,26 =13.3, p<0.05; Fig. 3b) ; however, no significant difference was observed between ShA and LgA rats (lever press: F 3,48 =0.6, p>0.05; normalized: F 2,26 =1.3, p>0.05). Varenicline also decreased inactive lever pressing in ShA rats (data not shown). Similar to the previous experiment, LgA rats had very few inactive lever presses during the first hour, precluding any analysis of the effects of varenicline on inactive lever responding in LgA rats. Varenicline was more effective in both groups in reducing nicotine self- administration after abstinence than during baseline selfadministration, despite similar levels of responding (~10 lever presses in 1 h) during the first hour. Indeed, varenicline was effective at reducing nicotine selfadministration at the intermediate dose (1 mg/kg) when tested after abstinence, whereas it was only effective at the highest dose (3 mg/kg) when tested under baseline responding (Fig. 2a) .
Although the effects of varenicline on nicotine intake were very robust at the intermediate and high dose, important individual variability was observed in the effects of low-dose varenicline in LgA rats during the first hour of access. To test whether this variability was related to the amount of nicotine intake during baseline, we correlated nicotine intake during baseline with nicotine intake after treatment with a low (0.3 mg/kg) or a high (3 mg/kg) dose of varenicline. As shown in Fig. 2 , the high dose of varenicline dramatically reduced nicotine intake in both ShA and LgA rats, an effect that was not related to baseline nicotine intake as demonstrated by the lack of significant correlation (Fig. 4a, b) ; however, the effect of low-dose varenicline was highly correlated with baseline nicotine intake in LgA rats (Fig. 4b) . LgA rats exhibiting low intake during the first hour of access to nicotine self-administration increased responding for nicotine while rats with high nicotine intake exhibited a decrease in nicotine intake.
Discussion
This report demonstrates that varenicline decreases nicotine self-administration in rats. The effect of varenicline on nicotine self-administration was similar in rats given limited or extended access to nicotine selfadministration. This effect was dose-dependent but not specific to the active lever in ShA rats. Varenicline (1 and 3 mg/kg) decreased both baseline self-administration and self-administration after 3 days of forced abstinence; however, varenicline was more effective at reducing nicotine self-administration when tested after abstinence than during baseline self-administration. The effect of varenicline on nicotine intake during the first hour in rats given limited and extended access to nicotine was similar despite a dramatic increase in LgA rats in nicotine motivation after 3 days of abstinence; however, varenicline had a long duration of action in LgA rats with significant decreases at the 6-h time point. Finally, lowdose varenicline (0.3 mg/kg) increased nicotine intake in Table 2 Effect of varenicline administered after 3 days of abstinence on nicotine intake in LgA rats
Note that the effect of varenicline significantly decreased nicotine intake during the first 6 h of self-administration * p<0.05; ** p<0.01 vs dose 0; *** p<0.05 vs. dose 0.3; **** p<0.05, ***** p<0.01 vs. dose 1 rats with low baseline responding for nicotine, whereas it decreased intake in rats with high nicotine intake. The decrease in responding observed in rats given limited access to nicotine after varenicline administration replicates the original results observed by Rollema et al. (2007a) . We extended this finding by demonstrating that this effect is not specific to the active lever. Considering the relatively high level of responding for the inactive lever during limited access (1 h) to nicotine self-administration it is possible that inactive responding was partially driven by nicotine seeking. Alternatively, varenicline may have nonspecific effects on locomotor activity, exploratory behavior, or motivation in general that may partially contribute to its effects on nicotine intake (Zaniewska et al. 2008) . It is important to note that in this experiment, rats have been trained for 3 weeks before testing varenicline and exhibited very stable responding and a 2-2.6-fold discrimination ratio between active and inactive lever suggesting that rats reached a plateau in the acquisition of nicotine self-administration. The previous study investigating the effects of varenicline on nicotine self-administration (Rollema et al. 2007a) did not report any responding on the inactive lever, precluding any analysis of the specificity of the effects of varenicline on responding for nicotine.
The relative lack of effect of varenicline in LgA rats during baseline self-administration is likely attributable to a floor effect because normalization with baseline responding led to similar results in ShA and LgA rats; however, we did not observe a floor effect with ShA rats with the inactive lever, despite similar levels of responding as LgA for the active lever (4.0±0.8 vs. 3.6±0.8), suggesting that responding for nicotine under baseline conditions in LgA rats may be less sensitive to the effects of varenicline. Increased upregulation and/or desensitization of α4β2 nAChRs (Buisson and Bertrand 2002; Picciotto et al. 2008; Govind et al. 2009 ) in LgA rats after extended access to nicotine could contribute to this Fig. 4 Low-dose varenicline increases responding for nicotine in rats with low nicotine intake. a, b Correlation between baseline nicotine intake (after vehicle injection) and nicotine intake after varenicline treatment with a low (0.3 mg/kg) or high dose (3 mg/kg) in ShA (a) and LgA (b) rats, calculated as a percentage of baseline responding Fig. 3 Effects of varenicline on nicotine self-administration after 3 days of abstinence in ShA and LgA rats. a Mean active lever presses during the first hour in ShA and LgA rats. *P<0.05, compared with 0 dose. b Mean lever presses after normalization for baseline responding (represented as a percentage of the 0 dose). Data are expressed as mean ± SEM difference by slightly shifting the dose-response curve of varenicline to the right in LgA rats.
Varenicline was more effective on nicotine intake after 3 days of abstinence than during baseline self-administration in both ShA and LgA rats. Indeed, lower doses (0.3 and 1 mg/kg) decreased nicotine self-administration, after abstinence, whereas only the highest dose (3 mg/kg) decreased responding during baseline self-administration. These results suggest that after 3 days of abstinence, nicotinic receptors were more sensitive to the effects of varenicline. Converging lines of evidence suggest that chronic nicotine treatment upregulates and desensitizes nicotinic receptors in the brain and that abstinence from nicotine reverses these effects (Govind et al. 2009; Picciotto et al. 2008) . The increased efficacy of varenicline in reducing nicotine self-administration after abstinence likely results from increased (or normalization) of nicotinic receptor function in ShA and LgA rats. Considering that the effect of varenicline was similar in ShA and LgA rats, these results suggest that restored sensitivity of the cholinergic system during abstinence, possibly through normalization of nicotinic receptor function, is an important mechanism underlying the motivation for nicotine but does not represent a specific neurobiological mechanism contributing to the increased motivation for nicotine in dependent rats. Indeed, we demonstrated that LgA rats, but not ShA rats, exhibit increased motivation for nicotine after abstinence when tested under a fixed ratio or a progressive ratio of reinforcement. These results, together with the fact that LgA rats show also higher somatic signs of withdrawal (Paterson and Markou 2004) and increased anxiety-like behavior (personal observation) during abstinence, suggest that the effect of varenicline on nicotine intake does not depend on dependence per se.
Varenicline is a partial agonist at α4β2 and α3β2 nAChRs, an agonist at α3β4 nAChRs and a full agonist at α7 nAChRs (Carroll et al. 2008; Mihalak et al. 2006) . Modulation of these receptors is likely to mediate the observed decrease in nicotine intake in dependent and nondependent rats. Although the role of α3β2, α3β4, and α7 nAChRs in nicotine reward and nicotine withdrawal is unclear (Grottick et al. 2000; Walters et al. 2006; Fowler et al. 2008) , our results confirm previous reports demonstrating a key role for α4β2 nAChRs in mediating the initial positive reinforcing effects of nicotine in nondependent rats (Corrigall and Coen 1989; Corrigall et al. 1994; Pontieri et al. 1996; Rollema et al. 2007b ). Elimination of the α4 or β2 nAChR subunits blocks nicotine-induced dopamine release in the nucleus accumbens and decreases nicotine self-administration (Picciotto et al. 1998; Marubio et al. 2003; Maskos et al. 2005) . A similar decrease in nicotine self-administration has been observed after dopamine depletion of the nucleus accumbens using 6-hydroxydopamine lesions; however, dopamine depletion did not affect abstinence-induced increases in nicotine intake observed after 3 days of forced abstinence (Corrigall et al. 1992) , suggesting again that even if activation of α4β2 nAChRs and increased dopamine release mediate the initial positive reinforcing effects of nicotine, they may not represent the only mechanism underlying the negative reinforcement process responsible for the increased motivation for nicotine during abstinence in dependent subjects.
The present report demonstrates that the α4β2 nAChR partial agonist varenicline can decrease the motivation for nicotine in different animal models of nicotine selfadministration in rats. These results suggest that modulation of the α4β2 nAChR is a key element mediating the motivation for nicotine in rats; however, nicotine-dependent rats were not more sensitive than nondependent rats to the effects of varenicline despite increased sensitivity to the motivational effects of abstinence on nicotine intake. These results suggest that although α4β2 nAChRs are critical in mediating the positive reinforcing effect of nicotine, these receptors may not be a key element underlying the negative reinforcement process responsible for the increased motivation for nicotine during abstinence in dependent subjects.
